16 The diversity-productivity, diversity-invasibility, and diversity-stability hypotheses 17 propose that increasing species diversity should lead, respectively, to increased average 18 biomass productivity, increased invasion resistance, and increased stability. We tested 19 these three hypotheses in the context of cover crop mixtures, evaluating the effects of 20 increasing cover crop mixture diversity on aboveground biomass, weed suppression, and 21 biomass stability. Twenty to forty cover crop treatments were replicated three or four 22 times at eleven sites using eighteen species representing three cover crop species each 23 from six pre-defined functional groups: cool-season grasses, cool-season legumes, cool-24 season brassicas, warm-season grasses, warm-season legumes, and warm-season 25 broadleaves. Each species was planted in monoculture, and the most diverse treatment 26 contained all eighteen species. Remaining treatments included treatments representing 27 intermediate levels of cover crop species and functional richness and a no cover crop 28 control. Cover crop planting dates ranged from late July to late September with both 29 cover crop and weed aboveground biomass being sampled prior to winterkill. Stability 30 was assessed by evaluating the variability in cover crop biomass for each treatment 31 across plots within each site. While increasing cover crop mixture diversity was 32 associated with increased average aboveground biomass, this was the result of the 33 average biomass of the monocultures being drawn down by low yielding species rather 34 than due to niche complementarity or increased resource use efficiency. At no site did the 35 highest yielding mixture out-yield the highest yielding monoculture. Furthermore, while 36 increases in cover crop mixture diversity were correlated with increases in weed 37 suppression and increases in biomass stability, we argue that this was largely the result of 3 38 diversity co-varying with aboveground biomass, and that differences in aboveground 39 biomass rather than differences in diversity drove the differences observed in weed 40 suppression and stability. The results of this study contradict popular interpretations of 41 the diversity-productivity, diversity-invasibility, and diversity-stability hypotheses.
Treatment 1 was a no cover control. Treatments 2-10 were all the species included 108 in the study grown in monoculture. Treatments 11-13 were mixtures of all three cool-109 season grasses, legumes, and brassicas, respectively. These treatments served to evaluate 110 the effect of increasing species diversity without increasing functional diversity.
111
Treatment 14 combined the grasses with the legumes, treatment 15 combined the 112 legumes with the brassicas, and treatment 16 combined the grasses with the brassicas.
113 These three treatments served as a level of functional diversity intermediate between 114 treatments 11, 12, and 13 and treatment 17, which combined all nine species used.
115
Treatments 18-20 were combinations of one grass, one legume, and one brassica.
116 These last three treatments were designed so that each of the nine species was present in 117 one of the three treatments. In designing all of the treatments used, a point was made to 118 make sure that each species was equally represented at each level of species and 119 functional richness to address the issue of sampling bias-that is, the issue that as 120 diversity increases, the likelihood of a certain species being included also increases [16-121 18]. Beyond that criteria being met, the specific combination of each grass, legume, and 122 brassica was arbitrary.
123
In 2014, the study was expanded to include an additional 20 treatments (Table 3) . 143 Treatments were arranged in a randomized complete block design with four replications 144 at each site with the exception of site 11, which had only three replications owing to 145 space constraints. Plots were 5 m x 10 m-though these dimensions varied slightly to 146 accommodate corn and soybean row spacing at sites 4, 5, 6, 7, and 9. Seeds for each 147 treatment were hand broadcast into a variety of field conditions-after small grains 148 harvest, after corn harvest, and into maturing corn and soybeans. In some instances, 149 harvested small grain fields were disked prior to cover crop seeding and establishment. In 150 other instances, the cover crop seeds were broadcast into standing stubble (Table 1) 248 Sown versus realized species richness 249 In diversity studies looking at plant mixtures, authors often have to make a decision of 250 whether to look at sown diversity-how many species or functional groups were 251 planted-or realized diversity-how many species or functional groups actually 252 germinated and survived, and thus were observed. Realized diversity typically correlates 253 well to sown diversity but the deviation between realized and sown species richness tends 254 to increase with increasing sown species richness (Error! Reference source not found.).
255
When evaluating the effect of cover crop mixture diversity on weed suppression, 256 we judged that realized diversity was the more appropriate metric to use-as any species 257 or functional group that was sown but absent in our sampling was unlikely to have an 258 effect on the weed biomass in our sampling. However, using sown diversity values 259 instead of realized diversity values resulted in the same interpretive conclusions.
260
When evaluating the effect of diversity on stability, we judged that sown diversity 261 was the more appropriate metric to use-as the diversity-stability hypothesis is 262 predicated on the idea that a more species-rich mixture is better insured against the failure 263 of any one species. However, using realized diversity instead of sown species richness 264 also resulted in the same interpretive conclusions. 318 A species' biomass in monoculture was fairly predictive of its biomass in mixture, such 319 that high-yielding species in monoculture were also high yielding in mixture and vice 320 versa. parameter estimate ≠ 0. P-value > 0.05( NS ); < 0.05( * ); < 0.01( ** ); < 0.001( *** ); < 0.0001( **** ).
356
357 Effect of diversity on stability 358 As mean cover crop biomass went up, so did the standard deviation (Fig 8) . However, the 359 slope of this relationship was not affected by cover crop mixture species richness or 360 functional richness, suggesting that increasing cover crop mixture diversity does not 361 stabilize biomass across individual sites (Table 6) . 
382
The distinction between increasing average productivity and absolute productivity 383 is not a trivial one. The diversity-productivity hypothesis asserts that increased diversity 384 should lead to increased average productivity. It does so on the logic that diverse systems 385 should have the potential to be more productive than even the most productive of 386 monocultures by capturing a greater proportion of available resources [29] . That is, 387 mixing plant species should be able to raise the ceiling on biomass productivity reached 388 by plant monocultures. This, however, is a different conclusion than increasing diversity 389 increases average productivity. According to the logic of niche complementarity, 390 increasing diversity shouldn't necessarily increase average productivity as is suggested 391 by the diversity-productivity hypothesis. Rather, it should increase the absolute 392 productivity. This disconnect between the theoretical underpinnings of the diversity-393 productivity hypothesis and the theoretical conclusions of the diversity-productivity 394 hypothesis indicates (1) that we should be testing the theory of niche complementarity by 395 testing whether increasing mixture diversity raises absolute productivity rather than 396 average productivity and (2) that niche complementarity is not the necessary conclusion 397 to be drawn from the observation that increasing diversity increases average productivity. If we cannot ascribe our observation that increasing plant mixture diversity is 399 associated with increased average productivity to increased niche complementarity or 400 resource use efficiency, to what then can we ascribe this observation? The positive effect 401 of increasing plant mixture diversity on average productivity is easily explained by low 402 yielding species pulling down the average at low levels of diversity but not at high levels 403 of diversity. Specifically, the pattern observed was simply the consequence of the average 404 productivity of the monocultures and low functional richness category being brought 405 down by the low yields of the legumes. In the high diversity treatments, the high yields of 406 grasses and brassicas compensated for the low yields of legumes. This is why mixing 407 across functional groups led to increased average productivity but not mixing within a 408 single functional group. Mixing the grasses or the brassicas with each other did not 409 increase average productivity because there were no low yielding species being 410 compensated for in the mixture. Similarly, mixing the legumes together did not increase 411 average productivity because there was no high yielding species in the mix to compensate 412 for the low yields of the legumes.
413
Simply put, when there is bare space on the ground left by an unproductive 414 species and we add another species, we get more vegetation. While this may seem like a 415 simple description of niche complementarity, consider the fact that we could also get 416 more vegetation by adding more of the same species. He et al. [30] found that the positive 417 relationship between diversity and productivity decreased with increasing plant density.
418
419 Diversity-invasibility hypothesis 420 A typical approach to evaluating the diversity-invasibility relationship is to evaluate an 421 invasion resistance metric-e.g., weed biomass reduction-as a function of a diversity 422 metric-e.g., cover crop species richness [27, [31] [32] [33] [34] [35] . Any positive trending relationship 423 is then presented as evidence in favor of the diversity-invasibility hypothesis. The 424 problem with this approach is that it mistakes correlation with causation, and confounds 425 the effects of diversity with the effects of biomass productivity.
426
For example, analyzing our own data in this way, we found that weed suppression 427 is positively correlated with cover crop species richness (Fig 9) . However, since cover 428 crop aboveground biomass was also correlated with species richness in this study (Fig 2) , 429 it is possible that the correlations between weed suppression and species richness were 430 due to cover crop biomass rather than species richness. To determine whether or not 431 species richness had an effect on weed suppression beyond its relationship with cover 432 crop biomass, it was necessary to first control for the well-documented effect of cover 433 crop productivity on weed suppression [36] [37] . Controlling for the positive effect of 434 cover crop biomass on weed suppression, we found that the effect of cover crop mixture 435 diversity diminished markedly if it did not disappear entirely ( 
467
Our study highlights one of the major issues underlying most of the supposed 468 evidence in favor of the diversity-invasibility hypothesis-the covariance of diversity 497 beyond a certain level of mean biomass. At low levels of mean biomass, however, Ĉ v 498 values were unstable, which meant that less productive treatments on average had higher 499 Ĉ v values than more productive treatments (Fig 12) .
500
To show how simply plotting Ĉ v against diversity metrics might be misleading, 501 we have done so with our data (Fig 3) . Ĉ v does decrease with increasing species and 502 functional richness, but that's not to say that increasing species and functional richness 503 increases stability. If we look at the relationship between Ĉ v and mean cover crop 504 biomass, we find that at low biomass, the Ĉ v tends to be greater and less consistent than 505 at larger biomass (Fig 4) .
506
These results occur because small amounts of experimental error at high levels of 507 mean biomass have marginal effects on Ĉ v , whereas at low levels of mean biomass, small 508 amounts of error amplify into dramatic effects on Ĉ v . Thus, the pattern that we observed 509 in Fig 3 could simply have been because low diversity treatments tended to have less 510 biomass in our study and treatments with less biomass tend to have higher Ĉ v . Increased 511 species and functional richness were correlated with increased stability as measured by 512 decreased Ĉ v values. However, most of this effect was mediated by the covariance of 513 diversity with productivity (Table 6) .
514
Multiple intercropping studies have concluded that intercrops are more stable than 515 sole crops on the basis of their C v values being lower than those of the tested sole crops 516 [52-53]. However, if we look at the productivity data of these studies, we find that the 517 intercrops were also more productive than the sole crops. Furthermore, in cover crop 518 mixture studies where the most diverse mixture is not the most productive treatment, 519 neither are they the most stable [14, 28] . The Ĉ v is clearly sensitive to mean biomass, and 520 yet the effects of biomass on stability are rarely addressed in diversity-stability studies.
521
For the purposes of cover crop management, we found little evidence that 522 increasing cover crop mixture diversity increased field-scale biomass stability. If we had 523 greater species differentiation between the 18 species used and greater environmental 524 heterogeneity, we might have expected a greater impact of diversity on stability, but for 525 the practical purposes of cover crop management, where our environmental conditions 526 are relatively predictable and our suite of potential cover crops thrive and fail under 527 relatively similar conditions, that point may be moot.
529 Conclusions
530 While increasing cover crop mixture diversity was often associated with increasing 531 average cover crop biomass productivity, we contest the traditional interpretation of this 532 result as evidence of increased niche complementarity or resource use efficiency of 533 diverse mixtures. We argue that increased niche complementarity or resource use 534 efficiency of mixtures should be indicated by increased absolute productivity rather than 535 average productivity, which we did not observe. Our results are simply explained by the 536 fact that the average biomass of monocultures was drawn down by low yielding species 537 that were compensated for in mixture by high yielding species. While cover crop mixture 538 diversity was often positively related to metrics of invasion resistance and stability, we 539 found these correlations to be driven largely by variation in cover crop biomass. Once we 540 controlled for the confounding factor of cover crop biomass, we found little evidence that 541 cover crop mixture diversity positively affects invasion resistance or biomass stability.
